In this paper, we study the quantum decoherence induced by accumulation of electron tunnelings during the quantum measurement of a charge qubit. The charge qubit is a single electron confined in coupled quantum dots. The measurement of the qubit states is performed using a quantum point contact. A set of master equations for qubit states is derived within a nonequilibrium perturbation to the equilibrium reservoir due to the electron accumulation between the source and drain of the quantum point contact. The quantum decoherence of the qubit states arose from the electron accumulation during the measurement is explored in this framework, and several interesting results on charge qubit decoherence are obtained.
I. INTRODUCTION
Quantum decoherence [1] [2] [3] is mainly induced by the interaction of a microscopic system coupled with its environment. The system-environment coupling results in a nonunitary evolution of the system, which destroys the purity of quantum states and leads to information loss toward the environment. These issues have attracted much attention in the study of quantum computation and quantum communication in recent years. 4 Some investigations of quantum decoherence have been focused on the measurement induced decoherence, [5] [6] [7] [8] [9] [10] [11] and the dynamical controls of the decoherence. 12, 13 For the implementation of realistic quantum information processors, these investigations become the most champion works in the field. In the solid-state quantum computer with charge qubits, quantum measurement of the qubit states can be performed by coupling the charge qubit with a sensitive electrometer such as quantum point contacts ͑QPCs͒ 14 or a single-electron transistor. 15, 16 In this paper, we shall focus on the charge qubit measurement using a QPC, and study the nonequilibrium dynamical effect of the QPC on the decoherence of the qubit states, here the charge qubit is a single electron confined in coupled quantum dots ͑CQD͒.
To study the quantum decoherence induced by quantum measurements, an equilibrium approximation is applied to the reservoir state. 7, 10, 11 For example, in the study of a charge qubit measured by a QPC ͑Fig. 1͒, the electronic reservoir, the source and the drain of the QPC, is assumed to be macroscopic enough in comparison with the CQD. Then the thermal equilibrium of the reservoir is kept continuously through rapid relaxation processes. This condition of a perfect heat bath causes electrons tunneling such that the extra electrons arriving at the drain will flow back rapidly into the source through a close loop of the transport circuit. No extra electron accumulates in the steady reservoir. Practically, however, the condition of the perfect heat bath is not guaranteed at mesoscopic scale of the QPC. The electron accumulation ͑EA͒ in the source and the drain of the QPC may destroy the equilibrium of reservoir and influence the outcome of the electrometer. As a result, the effects of EA may become significant to the decoherence of the measured qubit. In this paper, we shall treat approximately this intermediate nonequilibrium effect as a perturbation to the equilibrium reservoir. The quantum decoherence of the charge qubit due to the EA is then studied within this framework.
The paper is organized as follows: The model of the charge qubit measurement and the perturbation scheme of taking the EA effect into account are presented in Sec. II. A set of master equations for the reduced density operator of the qubit is also derived in this section. In Sec. III., the quantum decoherence of the qubit in the thermal equilibrium limit is illuminated according to the resultant master equations. An FIG. 1. ͑Color online͒ ͑a͒ Schematic plot of a single electron in a coupled quantum dots measured by the QPC. ͑b͒ Schematic diagram of the electron accumulation in reservoir, the first figure shows the forward tunneling processes ͑FTP͒ of electrons from the source to the drain which causes electrons accumulating in the drain, and induces a variation of the Fermi energy. The second one shows the backward tunneling processes ͑BTP͒ of electrons from the drain to the source and a corresponding variation of the Fermi energy.
abnormal dependence of the qubit decay mode to the temperature and bias voltage is obtained. The EA effect on the quantum decoherence of the qubit states is explored in Sec. IV. The dynamics of the EA is analyzed, and the EA induced decoherence of the qubit is extensively discussed. Remarkably, we also found a decoherenceless EA effect in the low temperature regime. Finally, a summary is given in Sec. V.
II. CHARGE QUBIT MEASUREMENT USING QPC
The model we consider here is a single electron confined in a CQD ͑as a charge qubit͒ that is measured by the QPC detector, see Fig. 1͑a͒ . The Hamiltonian of the whole system is given by [5] [6] [7] 10, 11 Here, Ĥ S is the Hamiltonian of the charge qubit in which ĉ L + ͑ĉ L ͒ and ĉ R + ͑ĉ R ͒ are the electron creation ͑annihilation͒ operators of the electron sited in the two dots labelled by L and R as shown in Fig. 1͑a͒ . They satisfy the condition ĉ L + ĉ L + ĉ R + ĉ R = 1. The parameter ⍀ 0 is the electron tunneling amplitude between the two dots. Ĥ B denotes the Hamiltonian of the QPC reservoir, which is decomposed into two terms for the source and the drain, respectively, and â l + ͑â l ͒ and â r + ͑â r ͒ are the corresponding electron creation ͑annihilation͒ operators. Since the presence of an electron in a dot close proximity to the QPC will cause a variation in barrier of the QPC, ⍀ → ⍀ − ␦⍀, the interaction Hamiltonian Ĥ Ј describes the coupling of the quantum dots and the QPC in close proximity to the dot R. The information of the qubit states can then be read out through the QPC current. 5 There are two channels for electron tunneling in the QPC. One is the forward tunneling processes from the source to the drain, and the other is the backward tunneling processes from the drain to the source, see Fig. 1͑b͒ . In the high-bias regime, magnitude of the electron tunneling rate for the forward tunneling processes is much larger than the one in the backward tunneling processes. The contribution of the backward tunneling processes could be ignored as treated in Ref. 5 . However, in a nonequilibrium description, both contributions of the forward tunneling processes and backward tunneling processes should be included for an arbitrary bias voltage. The Hilbert space is then spanned by the following basis:
where ͉ i ͘ is an electron eigenstate in the CQD ͑we define ͉ 0 ͘ = ͉g͘ and ͉ 1 ͘ = ͉e͘ as the ground and excited states in the 
To study the charge qubit measured by the QPC, the electronic reservoir is usually assumed to be in the reservoir vacuum state ͑a thermal equilibrium state͒. The reservoir vacuum state is uniquely determined for a given temperature and chemical potential. The reservoir time correlation function is usually calculated in this state. However, tunneling electrons from the forward tunneling processes will occupy the levels above the Fermi energy of the drain for a short period and disturbs the reservoir vacuum state, see Fig. 1͑b͒ . This phenomenon, called the electron accumulation ͑EA͒ in QPC, should be taken into account, vice versa for the backward tunneling processes. Meanwhile, the EA may also be induced by the impurity of the reservoir or a circuit with a worse transport mobility ͑the imperfect condition of the reservoir͒. In the literature, the effect of the EA is ignored. 5, 7, 8, 10, 11 One assumes that electrons created in drain ͑for the forward tunneling processes͒ will be forced into the circuit instantly, no electrons are accumulated in the drain temporarily. Therefore, there is no variation to the Fermi energy. The read-out current is completely contributed by the created electron of drain through the circuit, as a result in the macroscopic limit. However, for a mesoscopic reservoir, a variation of the Fermi energy can be generated by the EA. It is certainly interesting to study what the influence of the EA effect is on the decoherence of the measured qubit.
In general, the EA should be considered by treating the reservoir as a fully nonequilibrium system. However, the reservoir is indeed an asymptotic stationary state at mesoscopic scale. This is because the external bias can be regarded as a bigger macroscopic reservoir compared with the QPC ͑see Fig. 1͒ . The external bias forces the QPC reservoir to evolve into an asymptotic stationary state in a short period. For such a case, we can treat approximately the intermediate nonequilibrium effect as a perturbation to the equilibrium reservoir. Thus, the EA can be described simply by a variation of the chemical potentials in the source and the drain. In the forward tunneling processes, the tunneling of n electrons moved from the source to the drain results in an effective increase of the chemical potential in the drain R → R + = R + ␦ R ͑n , ␤͒ ␤͑ r − R ͒ for the drain. Obviously, at a given temperature, the chemical potential determines the number density of electrons N in reservoir. The relation of its inverse function can be solved. Furthermore, because the QPC is a two-dimensional electron gas, the density of states, g L , for the source ͑g R for the drain͒ can be assumed to be energy independent. 5 Then the chemi-
A is the area of the QPC. One can find that up to the first order of n / A,
ͪ.
͑7͒
In addition, the bias effect on the EA should be taken into account. The external bias and the QPC-dots interaction determine electron tunnelings in the QPC. The current partially induced by the QPC-dots interaction records the qubit information. The bias effect simply forces the reservoir into a local equilibrium state. That is, the fluctuation of the chemical potential arisen from the QPC-dots interaction will be suppressed by the bias effect asymptotically, L ͑t͒ − R ͑t͒ → V d . The EA should decay to vanish ͑a electron-release process, ER for short͒ by the bias effect. This ER process is also associated with the imperfect condition of the reservoir. To simplify the problem, the stochastic EA process ͑also including the effects of the bias and QPC-dots interaction͒ is assumed to be described by
The exponential decay factor in Eq. ͑8͒ comes from the bias effect. The detailed expression of the ER decay rate ⌫ R,L ͑n͒ depends on the imperfect condition of the QPC associated with the bias effect. In general, ⌫ R,L are functions of the tunneling electron number n, and are different for the forward tunneling processes and backward tunneling processes. 1/⌫ R,L ͑n͒ denotes the release time of the ER. The processes repeat continually through the transport circuit which is given by the oscillation function in Eq. ͑8͒, where d is the frequency of the repeated processes. It can be estimated that d ϳ v t / l with l the length of the QPC in the tunneling direction and v t the electron drift velocity in the transport circuit. Thus, Eq. ͑8͒ describes properly the stochastic nature of the tunneling processes embedded in the ER process and the cyclic motion of the external transport circuit. Obviously, the magnitude of the chemical potential variation decays to zero as the reservoir approaches to the local equilibrium state, namely, L ͑t͒ − R ͑t͒ = V d . Similar to the forward tunneling processes, the tunneling of m electrons moved from the drain to the source for the backward tunneling processes leads to the chemical potential decreasing 
As a result, even if the EA disturbs slightly the equilibrium of the reservoir, it may induce decoherence to the measured qubit. This effect can be explored from the master equation of the measured qubit which has the form as
where ͑t͒ is the reduced density operator of the qubit
tot ͑t͒ in Eq. ͑11͒ denotes the total density operator of the whole system, and the conditional partial traces are defined by
Here, Tr D ͑n͒ ͑Tr D ͑m͒͒ means to sum over all the allowed energy levels of the reservoir with the condition of n electrons tunneling the QPC barrier through the forward ͑backward͒ tunneling processes and then accumulating in the drain ͑source͒. R in Eq. ͑10͒ denotes the dissipation operator, the detailed form of which can be found in the Appendix. The qubit decoherence due to the electrical measurement is governed by the dissipation term −R ͑t͒ in Eq. ͑10͒. This term is composed of the reservoir spectrum functions, which are the Fourier transformation of the reservoir time correlation functions defined by Tr D ͑n͒ ͑D ͑m͒ ͒ ͓f + ͑t͒f͑tЈ͒ tot ͔ and Tr D ͑n͒ ͑D ͑m͒ ͒ ͓f͑t͒f + ͑tЈ͒ tot ͔. The reservoir fluctuation due to the QPC-dots interaction is encoded in the reservoir operators f + ͑t͒f͑tЈ͒ and f͑t͒f + ͑tЈ͒, where f t = ͚ lr e i͑ r − l ͒t/ប â r + â l is the electron tunneling operator in the interaction picture of the reservoir. The tunneling processes of electrons relative to the EA have also been taken into account in these functions by treating the EA-fluctuated reservoir state as the perturbed Fermi-Dirac function through Eq. ͑9͒. As a result, the decoherence of the measured qubit due to the EA effect is manifested in the master equation through the first order perturbation of the reservoir spectrum functions, which is associated with the perturbed term ±␦ R,L ͑n , ␤ , t͒
of the perturbed Fermi-Dirac function in Eq. ͑9͒. A perturbation scheme taking the EA effect into account is then given as follows:
where = U / is a perturbation parameter characterizing the
The zero order term 0,tot ͑t͒ in Eq. ͑12͒ represents the usual states without the EA. The higher order terms describe the contribution of the EA. By taking partial trace to Eq. ͑12͒, we have the perturbation scheme for the reduced density operator of the qubit
͑13͒
The QPC, as a sensitive charge detector, may be required a large electron transparency and a relatively strong coupling strength to maximize the detector sensitivity in the current experiments. 9, 18, 19 However, we shall focus in this paper on the tunneling transparency regime ͑the weak dot-QPC coupling͒. This is because, as Gurvitz has pointed out, the occupation probability of a single electron in the coupled dot ͑as a qubit͒ can be traced through the QPC readout current in this regime. 5 To take the weak dot-QPC coupling into account, the second order cummulant expansion technique 7, 10, 11, 17 is used. Here, the Markovian approximation has been introduced in the technique. It should be noted that since the electron tunneling in the QPC is determined by the external bias and the QPC-dots interaction, it results in the qubit dynamics with three time scales: the qubit decoherence time, the ER decay time due to the electron release by the bias, and the correction time due to the QPC-dots interaction associated with the bias, temperature and the electron accumulation. In literature, the validity of the Markovian approximation could depend on the time scale of the correlation time. 20 When the correlation time is much smaller than other time scales ͑in the Markovian regime͒, the nonMarkovian memory effect in the qubit dynamics can be ignored. The qubit decoherence under the environment effect through the QPC-dots interaction is simply a decay process. Taking the electron accumulation effect into account, an extra qubit relaxation may be induced but the enhancement should not be so significant under the perturbative treatment. Therefore, the Markovian approximation 20 is still applicable for the derivation of the master equations here.
As a result, the master equations for the measured qubit in our perturbation scheme are obtained as follows:
0 :
is nothing but the rate equation of the qubit for the reservoir in the thermal equilibrium state without the EA effect. The EA effect on the measured qubit is described by Eq. ͑15͒. In Eqs. ͑14͒ and ͑15͒, L D is the Liouvillian operator for the qubit, = g L g R / ប, the double-bracket commutator ͓͓Â , B ͔͔ ϵ Â B − ͑Â B ͒ † , and F͑t͒ represents the contribution of the bias effect to the EA,
͑16͒
Also, the operator q and Ĝ ͑k͒ for k =0,1 in Eqs. ͑14͒ and ͑15͒ are defined as
and the operators P 0,1,2 ͑Ref. 10͒ are given by 
2 is the energy difference of the two eigenstates of the charge qubit. The coupled dots structure is shown by . The operators P 1,2 are responsible for the inelastic excitation and relaxation of the electron in the dots coupling with the QPC. The coefficients G ±,i ͑0͒ and G ±,i ͑1͒ in Eq. ͑17͒ are the reservoir spectrum functions without and with the EA,
and
where V d is the bias voltage and e the electron charge. For convenience, e = 1 is used hereafter. Also, N 0 ͑t͒ in Eq. ͑15͒ is the number density operator of the tunneling electrons for the reservoir in the thermal equilibrium state. 
where
The operator Ŵ 0 ͑t͒ in Eq. ͑23͒ corresponding to the zero order perturbation of noise spectrum 10, 11 is determined by the following master equation:
In the derivation of Eqs. ͑15͒ and ͑23͒, the ER decay rates ⌫ R,L have been assumed to be independent of the tunneling electron number n for simplification. The detailed derivation of the above master equations can be found in the Appendix.
As we can see, the EA effect is described by Eqs. ͑15͒ and ͑23͒. Equations ͑14͒ and ͑22͒ are simply the rate equations for the thermal equilibrium state without the EA effect. If the bias current flows from the source to the drain such that electrons accumulate in the drain, the EA induces a negative effective bias voltage −␦V EA . Then, an additional current I 1 = d dt Tr͓N 1 ͑t͔͒ is induced from the drain to the source. If the bias current flows from the drain to the source such that electrons accumulate in the source, a positive effective bias voltage ␦V EA is induced and an additional current flows from the source to the drain. Equation ͑23͒ shows a modification of the first order perturbation to the transport current in the QPC. Equations ͑14͒ and ͑24͒ are the main result of the theory, which will be used to explore the quantum decoherence of the measured qubit in the rest of the paper.
III. DEPHASING AND RELAXATION IN THERMAL EQUILIBRIUM LIMIT
As we have discussed in the preceeding section, the EA dynamics can be considered as a perturbative modification of the thermal equilibrium dynamics for the reduced system. Without considering the EA effect, the electronic reservoir is treated as the thermal equilibrium state, in which the ER process is assumed to respond fast and effectively. The measured qubit in this case can be studied by the zero-order perturbation master equation ͑14͒. When the EA effect also becomes significant, the qubit undergoes a local nonequilibrium process initially, and then approaches to a stable state asymptotically due to the bias effect. In this section we will study the quantum decoherence of the qubit in the thermal equilibrium limit. The EA effect on the qubit decoherence will be explored in the next section.
In order to show the intrinsic measurement effect on the decoherence of the qubit, we concentrate first on the qubit with symmetric CQD, namely, both dots have equal energy levels E R = E L and the qubit state is characterized by = / 2. The qubit with asymmetric CQD will be studied later.
There have been several efforts contributed on this issue using the secular approximation 11 or discussed in the zero temperature limit. 10 Here, an analytic discussion is presented. To discuss the dephasing and the relaxation of the qubit in the measurement processes, a set of matrix elements for the reduced density operator 0 are introduced: 0,r = 0,ee − 0,gg , 
where d = g L g R ͑␦⍀͒ 2 / ប, and
with k =0,1. According to Eq. ͑25͒, the relaxation rate of the qubit is ⌫ 0,r . Applying the previous definitions in Eqs. ͑19͒-͑21͒, it leads to
͑28͒
A plot of ⌫ 0,r and 0,r ͑ϱ͒ is shown in Fig. 2 . The solid curves denote the symmetric CQD. The relaxation rate ⌫ 0,r is a positive-monotonic-increase function of the temperature and bias voltage. Increasing temperature and bias voltage will enhance qubit relaxation, as we expected. The asymptotic matrix element 0,r ͑ϱ͒ denotes an asymptotic stable state of the qubit. It is a negative increase-monotonic function of temperature and bias voltage with values in the range from −1 to 0. Because the external bias can be regarded as a macroscopic reservoir ͑an effective heat bath͒ with respect to the QPC, it is expected that there exists an analogy between biased QPC and the heat bath. 8 A limited case is 0,r ͑ϱ͒ → 0 as V d ӷ ␥. The qubit tends to stay in a completely random mixed state in the high bias limit. This property is similar to the thermal randomness caused by the heat bath. According to 0,r ͑ϱ͒ in Eq. ͑28͒, the ground state occupation of the qubit shows a similar dependence on the temperature effect and bias effect. Furthermore, it can be checked that ⌫ 0,r → d ␥ in the zero bias and zero temperature limit. The relaxation due to QPC cannot be stopped by turning off bias. The QPC will exhaust energy and information of the qubit, as pointed out first in Ref. 8 .
The qubit dephasing is governed by the coupled differential equations ͑26͒, the solutions of which are a linear combination of two decay modes The qubit completely dephasing asymptotically. In addition, two decay modes show different decay behavior in the re- Fig. 3 . The curves with nonsmooth turning point denote that ⌫ 0,p ± has a transition from a degenerate regime ប⌫ 0,r /2Ͻ ␥, in which both modes have the same dephasing rate ⌫ 0,r /2, to a nondegenerate regime along V d axis. In the degenerate regime, only the real part of ⌫ 0,p ± is plotted. In Fig. 3͑a͒ , the fast decay mode, ⌫ 0,p + , shows that the dephasing rate increases as increasing temperature and bias voltage. In the high temperature and high bias voltage limit, it approaches to the linear dependence as the usual expectation. However, for the slow decay mode, ⌫ 0,p − , Fig. 3͑b͒ shows an upside-down dependence on the temperature and bias voltage. At a given bias voltage, the dephasing rate of the slow decay mode decreases with temperature increasing. It also shows that the dephasing rate decreases with the bias voltage increasing at a given temperature. The minimum dephasing rate appears in the large bias voltage and large temperature limit. This phenomenon is very different from the behavior of the fast decay mode that we have known. Even for the case of high density of state ͑i.e., with small value of ␥ / ប d ͒, the phenomenon is still preserved. However, it should be noted that for a quantum information process, quantum computations must deal with all possible initial conditions. Therefore, the decoherence of the qubit is characterized by the larger dephasing rate ⌫ 0,p + rather than the slow one, ⌫ 0,p − , unless an ancillary operation on the qubit can be added to limit the initial conditions to a subdomain belonging to the slow decay mode.
Next we shall study the decoherence of the qubit with asymmetric CQD. In this case, Eq. ͑14͒ can be expressed as
. This is a set of coupled differential equations. There is no analytic form to define the decoherence rate like the case in the symmetric CQD. However, in the large bias limit ␥ Ӷ V d we can find from the first two master equations the relation 0,d ͑t͒ / 0,r ͑t͒Ӎ−cot . Then the relaxation rate can be obtained
It can been shown that three decay rates from master equations ͑31͒-͑33͒ correspond to the roots of the following equation: 
͑35͒
The mean value of these roots is 2⌫ 0,r /3. ⌫ 0,r is also plotted in Fig. 2͑a͒ . All curves show a positive-monotonic-increase with the temperature and bias voltage. This bias and temperature dependence of the mean decay rate approaches to be linear in the high bias regime. In the low temperature limit, it becomes linear for almost the whole range of the bias voltage. In addition, it can be found in Fig. 2͑a͒ that the asymmetric CQD has a longer decay time than the symmetric CQD. It indicates that the influence of the device structure on qubit decoherence can also become significant in the low temperature and low bias regime.
The asymptotic behavior of Eqs. ͑31͒-͑33͒ can be solved easily
0,r ͑ϱ͒ implicitly depends on the device structure through ␥. The plot of 0,r ͑ϱ͒ in Fig. 2͑b͒ shows that there are two branches corresponding to the symmetric ͑solid curves͒ and the asymmetric ͑dashed curves͒ CQD, respectively. At a given bias voltage, the symmetric CQD is asymptotically forced into a more random mixed state in comparison with the asymmetric CQD. This is because the device structure effectively modifies the bias dependence of the qubit coherence.
IV. EA EFFECT ON QUBIT
Now, we turn to discuss the properties of the EA and the decoherence of the charge qubit due to the EA effect.
A. Properties of the EA
The EA can be characterized by the EA induced current Fig. 4 , which is calculated according to the resulted master equations. The result can be studied in detail by the analysis of Eq. ͑23͒. On the right-hand side of Eq. ͑23͒, because the traces of −iL D N 1 ͑t͒ and commutators vanish, the terms F͑t͒͑Ḡ ͑1͒ N 0 ͑t͒q + H.c.͒ ϵ K 1 and ͑Ḡ ͑0͒ 1 ͑t͒q + H.c.͒ϵK 0 completely determine the EA current. Also, the factor F͑t͒ of K 1 is exponential decay in time, and 1 ͑t 0 ͒ Ӷ N 0 ͑t 0 ͒. Thus, K 1 is initially dominant, and then K 0 becomes significant as K 1 exponentially decays to zero. The linear increase of the EA current in the beginning is governed mainly by K 1 , see Fig. 4 . Analytically, N 0 ͑t͒ can be solved in the asymptotic limit n 0,gg ͑t͒ = c g0 + c g1 t, n 0,ee ͑t͒ = c e0 + c e1 t,
where c g0 and c e0 are simply constants,
the higher order contributions of ␦⍀ to the coefficient c 0 have also been ignored. For the weak interaction coupling, it can be numerically checked that n 0,ge ͑t͒ Ӷ n 0,gg͑ee͒ ͑t͒ in the asymptotic limit. We then obtain
In the beginning ͑the K 1 dominant regime͒, the ER decay is adiabatic, namely, F͑t͒Ϸconstant ͑ϵFЈ͒. It leads to
This shows why the EA current is linear increasing in time, as one can see in Fig. 4 . In the crossover regime in Fig. 4 , the EA is slowed down by the bias. The maximum amount of accumulated electrons occurs at the valley of the I 1 curves, in which the maximum reverse EA current is induced. Obviously, the smaller the ER decay rate ⌫ R,L , the stronger the EA as shown in Fig. 4 .
Due to the bias, electrons accumulated in the QPC are completely exhausted through the ER process. Tr͓K 1 ͔ of Eq. ͑23͒ vanishes in this stage, and Tr͓K 0 ͔ becomes dominant. The asymptotic current can then be solved analytically
where the higher order contribution from ␦⍀ 2 has been ignored, and the first-order relaxation shift 1,r ͑ϱ͒ is given in Eq. ͑45͒. It is worth noting that the qubit density 1,r ͑t͒ records the history of the EA effect. Even the accumulated electrons has been exhausted in this stage, 1,r ͑t͒ in K 0 ͑t͒ performs as an EA background field and affects the electron tunneling in the QPC. Also, the time independent relaxation shift 1,r ͑ϱ͒ leads to a constant transmission probability for the first-order electron tunneling. Finally, the stable behavior of the EA current is reached, see Fig. 4 . As a result, with the EA effect, the asymptotic current up to the first order perturbation is
B. Decoherence induced by EA effect
The qubit relaxation and dephasing due to the EA effect are studied in this section. Equation ͑15͒ describes this decoherence process. The terms F͑t͓͓͓͒Ĝ
This term arises from the EA, and the induced relaxation is suppressed by the bias. To understand this property, let us look at the asymptotic matrix elements ͗i͉K 1 Ј͑ϱ͉͒i͘ first. Applying the previous result Eq.
͑38͒ and the asymptotic analysis, we obtain, up to the order ␦⍀,
and G +,͑a,b͒ ͑0,1͒ is defined in Eq. ͑27͒. It can be checked that K g0
is positive because of ͑G +,b ͑0͒ − G +,a ͑0͒ ͒ ഛ 0 and −1 Ͻ ͑G +,a
dt ͗i͉ 1 ͑t͉͒i͘Ϸ͗i͉K 1 Ј͉i͘ before the bias effect becomes active ͑i.e., in the EA effect dominant regime͒. We then have
This linear time-dependence behavior indeed indicates an extra qubit relaxation due to the EA effect. The numerical results in Fig. 5͑a͒ ͑plotted by green and black curves͒ roughly show this linear time dependence of the relaxation. In Fig.  5͑a͒ , the solid ͑dashed͒ lines correspond to the ground ͑ex-cited͒ state, respectively. Instructively, a numerical result for ⌫ L,R = 0 is plotted in Fig. 5͑b͒ . A perfect linear character is obtained. The induced relaxation from the pure EA effect obeys the linear time dependence, as shown by Eq. ͑44͒. According to Eq. ͑43͒, it is obvious that this relaxation process is slowed down by the bias because K g0 reduces to zero by the decay factor F͑t͒. This slow-down effect causes the qubit decay to the lowest energy state ͑in the first order perturbation͒ in the relaxation process, see Fig. 5͑a͒ . Then, the term ͓͓͓Ĝ ͑0͒ , 1 ͑t͔͔͒ , q ͔ϵK 0 Ј of Eq. ͑15͒ becomes dominant. The qubit state undergoes a transition from the relaxation to excitation, see Fig. 5͑a͒ . After the accumulated electrons exhausted, this excitation is completely governed by K 0 Ј. In addition, the black and green curves in Fig. 5͑a͒ show that a stronger EA effect ͑i.e., with smaller ER decay rate͒ forces the qubit to experience a larger relaxation shift ͑i.e., a lower energy state͒. The asymptotic relaxation shift 1,r ͑ϱ͒ can be easily solved 1,r ͑ϱ͒ = ͗e͉ 1 ͑ϱ͉͒e͘ − ͗g͉ 1 ͑ϱ͉͒g͘
which is independent of the ER decay rate. As a result, the total qubit relaxation up to the first order perturbation is
The perturbed term comes from the EA effect. We may also discuss the low bias voltage limit,
vanishes, and the EA makes almost no effect on the qubit dynamics. The result is shown by the red curve in Fig. 5͑a͒ . The qubit only experiences a relaxation process without the excitation one.
Next, we shall calculate the decoherence rate of the qubit. For a low bias voltage, because of Ĝ ͑1͒ → 0 as V d → 0, the dynamic structure of Eq. ͑14͒ and ͑15͒ are almost the same. The decay modes of the qubit contributed by the zero order and the first order perturbation are closer. The EA effect can only enhance the qubit relaxation. Dynamically, the decoherence rate of the qubit does not speed up by the EA effect. According to Eq. ͑28͒, we obtain the total relaxation time T tot,r and the dephasing time T tot,p of the qubit with the EA effect,
for the symmetric CQD in the low bias limit. With bias voltage increasing, the first-order qubit dephasing rate cannot be solved exactly. We study the qubit dephasing according to Eq. ͑15͒, or in terms of the set of coupled differential equations for the symmetric CQD,
1,d = 1,eg + 1,ge , i 1,p = 1,eg − 1,ge , and in 0,p = n 0,ge − n 0,eg . The term ⌫ 0,r 1,p ͑t͒ in Eq. ͑48͒ denotes the qubit dephasing arisen from the QPC-dots interaction associated with the bias, while the term ⌫ 1,r F͑t͒n 0,p ͑t͒ is resulted from the EA. Because ⌫ 1,r is proportional to the mean chemical potential C. Decoherenceless EA effect in the low temperature regime
We have pointed out that the qubit undergoes an extra relaxation under the EA effect. However, this EA induced relaxation can be suppressed in the low temperature regime. The symmetric CQD is used to check this result. The qubit relaxation rate in the first order perturbation can be deduced from Eq. ͑15͒,
where K͑t͒ = F͑t͒n 0,r ͑t͒ / ͑ 1,r ͑ϱ͒ − 1,r ͑t͒͒, and n 0,r ͑ϱ͒ = n 0 G +,b ͑1͒ / G +,a ͑1͒ = 0 has been used ͑n 0 ϵ Tr͓N 0 ͑t 0 ͔͒͒, and ⌫ 1,r is defined in Eq. ͑49͒. The relaxation rate ⌫ 1,r ͑t͒ is time dependent. Due to the EA effect, initially, the qubit severely relaxes with the relaxation rate ⌫ 1,r ͑t͒Ϸ⌫ 1,r K͑t͒ for ӷ V d . After the EA effect suppressed by the bias, the relaxation rate asymptotically reduces to the zero-order ⌫ 0,r . Here, K͑t͒ is a fluctuant factor. The EA induced relaxation rate ⌫ 1,r is plotted in Fig. 6 . It shows that ⌫ 1,r has a very different behavior from ⌫ 0,r . For a large mean chemical potential ͑ ӷ V d ͒ in which is almost bias voltage independent, the electron source of the EA is excited from the energy levels below the 
For k = 0, the electron-tunneling correlation is simply governed by the QPC-dots interaction and the bias, no EA involved. It can be checked that a relation of the bias symmetry holds
The ⌫ 0,r does not change by reversing the bias
due to the fact that the qubit relaxation caused by the electron tunneling in the QPC only depends on the amplitude of the external bias voltage. However, the electron-tunneling correlation under the EA effect ͑k =1͒ obeys the relation of the bias antisymmetry,
To understand this relation, let us look at the forward tunneling processes, in which an extra negative bias voltage is In addition, the relaxation process can be separated into two effective modes
where the function R͑z͒ = coth͑z͒ − z csch͑z͒ 2 is a steplike function with bounded values ± 1 2 . The function preserves the bias antisymmetry. As discussed in Sec. III the relaxation depends on the structure of the CQD. It leads to two effective modes corresponding to R͑z + ͒ and R͑z − ͒. In the low temperature regime, these two effective modes separate. Equation ͑52͒ shows that the qubit excitation rate in the R͑z − ͒ mode cancels the qubit relaxation rate in the R͑z + ͒ mode in the regime of V d limited by ±␥. Then a relaxationless EA effect occurs, as shown in Fig. 6 . However, in the high temperature regime, the CQD-structure dependence of the relaxation is suppressed, and two modes R͑z ± ͒ become degenerate. No relaxationless EA effect occurs. As a result, ⌫ 1,r ͑t͒ reduces to ⌫ 0,r ͑i.e., ⌫ 1,r → 0͒ in the low temperature regime. For the qubit dephasing, it can be checked that the dephasing term ⌫ 1,r F͑t͒n 0,p ͑t͒ → 0 as T → 0. The qubit is also EA dephasingless in the low temperature regime.
V. SUMMARY
We have developed a perturbative theory to study the EA effect on the decoherence of the charge qubit, a single electron confined in CQD, measured by the QPC. The contribution due to the EA is treated perturbatively. A set of master equations for the reduced density matrix of the qubit has been obtained in this perturbation scheme. By solving the resulted master equations, we obtain the decay modes of the dephasing and the relaxation of the qubit in the thermal equilibrium limit, and study the temperature and bias dependence of the dephasing and the relaxation rate. We find two kinds of decay modes for the dephasing in the electrical measurement processes: one decay rate increases as the increase of temperature and bias voltage, as expected; the other shows an abnormal dependence. The qubit in the later decay mode preserves the longest decoherence time in the high temperature and high bias limit, its time scale is much longer than that of the usual mode. In addition, the EA properties are studied extensively. The EA current is obtained according to the master equations. We find that the EA current varies linearly with time under the pure EA effect, and is then slowed down into an asymptotic stable state by the bias. The qubit decoherence due to the EA effect is studied based on this analysis. We find that under the EA effect the qubit relaxation and dephasing rate are much larger than the ones in the thermal equilibrium limit, unless the bias voltage is turned off. Also, the master equations show that an extra qubit relaxation is induced by the EA effect initially, and then be suppressed by the bias. Asymptotically, the qubit will be forced into the state with a small relaxation shift which is independent of the ER decay rate. However, in the low bias limit, the qubit will not be affected by the EA. The qubit decoherence rate will not speed up by the EA effect. Finally, we find a decoherenceless EA effect in the low temperature regime. A bias antisymmetry in EA processes suppresses the qubit decoherence. These decoherent behaviors are worth being explored in experiments.
where the reservoir time correlation functions are defined by
for the forward tunneling processes, and
for the backward tunneling processes. It can be easily checked from Eqs. ͑A5͒ and ͑A6͒ that without the EA effect, the backward tunneling processes is covered in the forward tunneling processes, and the result is the same as that in Ref.
5.
Next, the EA effect is taken into account to calculate the reservoir time correlation functions. It should be noted that the excitation rate of an electron occupying in lower energy levels far from the Fermi energy is much smaller than the one near the Fermi energy. That is, most likely, only the electrons occupying near the Fermi energy can tunnel through the QPC. If the QPC has a low transmission, i.e., n / A, m / A Ӷ N , the states ͕͉D͑L n , R n ͖͒͘ contributed by all allowed tunnelings in which electrons occupying near the Fermi energy can tunnel from the source to the drain are almost the same. Therefore, we have the following approximation: where the EA-fluctuated Fermi-Dirac functions F l,r ± have been treated perturbatively and shown in Eq. ͑9͒. Note that Eq. ͑9͒ is valid when n / A Ӷ N and m / A Ӷ N , which coincides with the approximation used in Eq. ͑A7͒. Other reservoir time correlation functions can be similarly reduced to the following forms: In addition, the time integration in Eq. ͑A4͒ can be calculated by using the results for the backward tunneling processes, where Â ± ͑0,1͒ = ͚ i=0,1,2 G ±,i ͑0,1͒ P i . All the definitions of the elements of Eqs. ͑A11͒ and ͑A12͒
can be found in Sec. II. Eqs. ͑A11͒ and ͑A12͒ describes the transport properties of electrons in the system we concerned, for example, the transport current and noise spectrum. [5] [6] [7] [8] 10, 11 According to Eq. ͑6͒ and recalling that f͑b͒ ͑n͒ ͑t͒ describes the quantum oscillation of the electron in the CQD with the conditions of n electrons accumulating in the drain ͑source͒, the kth order perturbation of the qubit oscillation is completely described by k ͑t͒ = ͚ n=0 ϱ k,f ͑n͒ ͑t͒ + ͚ m=0 ϱ k,b ͑m͒ ͑t͒. Accordingly, the kth order perturbation of the QPC current operator is given by 
